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Fiber optic communication is the backbone of our modern information society, offering high
bandwidth, low loss, weight, size and cost, as well as an immunity to electromagnetic interference
[1]. Microwave photonics lends these advantages to electronic sensing and communication systems
[2], but - unlike the field of nonlinear optics - electro-optic devices so far require classical modulation
fields whose variance is dominated by electronic or thermal noise rather than quantum fluctuations.
Here we present a cavity electro-optic transceiver [3–8] operating in a millikelvin environment with
a mode occupancy as low as 0.025 ± 0.005 noise photons. Our system is based on a lithium niobate
whispering gallery mode resonator, resonantly coupled to a superconducting microwave cavity via
the Pockels effect [9–12]. For the highest continuous wave pump power of 1.48 mW we demonstrate
bidirectional single-sideband conversion of X band microwave to C band telecom light with a total
(internal) efficiency of 0.03% (0.7%) and an added output conversion noise of 5.5 photons. The high
bandwidth of 10.7 MHz combined with the observed very slow heating rate of 1.1 noise photons s−1
puts quantum limited pulsed microwave-optics conversion within reach. The presented device is
versatile and compatible with superconducting qubits [13], which might open the way for fast and
deterministic entanglement distribution between microwave and optical fields [14, 15], for optically
mediated remote entanglement of superconducting qubits [16], and for new multiplexed cryogenic
circuit control and readout strategies [17, 18].
The last three decades have witnessed the emergence
of a great diversity of controllable quantum systems,
and superconducting Josephson circuits are one of the
most promising candidates for the realization of scalable
quantum processors [19]. However, quantum states en-
coded in microwave frequency excitations are very sen-
sitive to thermal noise and electromagnetic interference.
Short distance quantum networks could be realized with
cryo-cooled transmission lines but longer distances and
high density networks require coherent upconversion to
shorter wavelength information carriers, ideally compati-
ble with existing near infrared (1550 nm) fiber optic tech-
nology. So far no solution exists to deterministically in-
terconnect remote quantum microwave systems, such as
superconducting qubits [19] and quantum dots or spins
in solids [20, 21] via a room temperature link with suffi-
cient fidelity to build large-scale quantum networks [22].
Solving this challenge might not only facilitate a new
generation of more power efficient classical communica-
tion systems [2], but eventually also enable quantum se-
cure communication, modular quantum computing clus-
ters [23] and powerful quantum sensing networks.
An ideal quantum signal converter [24] needs to
achieve a total bidirectional conversion efficiency close to
unity η ∼ 1 for quantum level signals with a minimum
amount of added noise N  1 over a large instantaneous
bandwidth that allows for fast transduction compared to
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typical qubit coherence times. Many different platforms
are already being explored for microwave to optical pho-
ton conversion [25, 26]. Electro-optomechanical systems
have shown very encouraging efficiencies [27, 28], but
typically suffer from a limited bandwidth in the kHz
range. Electro-optic [6, 11, 12] or piezo-optomechanical
[29–31] conversion can be faster but the conversion
noise properties have not been quantified. Facilitated by
efficient photon counting and low duty cycle operation,
unidirectional transduction of quantum level signals
has also recently been shown [32, 33], but ground state
operation has not been demonstrated in a bidirectional
interface so far. In this work we present such a device op-
erating continuously with a microwave mode occupancy
Ne ≤ 1, for a pump laser power of up to Pp = 23.5µW
resulting in a total bidirectional conversion efficiency
of ηtot = 9.1 × 10−6. The maximum achieved total
efficiency of ηtot = 0.03 % is limited by the highest pump
laser power of Pp = 1.48 mW for the available setup at
millikelvin temperatures.
Theory
Electro-optic converters make use of the nonlinear prop-
erties of non-centrosymmetric crystals to couple optical
and microwave degrees of freedom. Our resonant trans-
ducer has two high quality factor optical modes whose
frequency difference matches the resonance frequency of
a microwave mode. The system’s interaction Hamilto-
nian is given as [4]
Hˆint = ~g(aˆeaˆpaˆ†o + aˆ†eaˆ†paˆo), (1)
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2where aˆe, aˆp, and aˆo stand for the annihilation opera-
tors for the microwave, optical pump, and optical sig-
nal mode, respectively. This Hamiltonian describes two
reciprocal three-wave mixing processes that involve cre-
ation and annihilation of photons while respecting en-
ergy conservation. The nonlinear vacuum coupling rate
g for this interaction depends on the material’s effective
electro-optic coefficient r and the spatial overlap of the
three modes [6]
g = r
√
εpεo
εe
√
~ωeωpωo
8ε0VeVpVo
∫
dV ψeψpψ
?
o , (2)
with the mode frequency ωk, the relative permittiv-
ity εk and permeability µk = 1, the effective mode
volume Vk, and the normalized spatial field distribu-
tion ψk defined such that the single-photon electric field
for mode k ∈ {e, p, o} can be written as Ek(~r) =√
~ωk/(2ε0εkVk)ψk(~r). All three modes are whispering
gallery modes (WGM) [34] whose spatial field distribu-
tion can be separated in the cross-sectional and azimuthal
part ψk(r, z, φ) = Ψk(r, z)e
−imkφ. The integral in Eq. (2)
is non-zero only if the azimuthal numbers of the partici-
pating modes fulfill mo = mp +me, which is also known
as phase matching or angular momentum conservation.
In our conversion scheme we drive the mode aˆp with
a bright coherent tone aˆp → αp, which simplifies Eq. (1)
to
Hˆint = ~αpg(aˆeaˆ†o + aˆ†eaˆo). (3)
This is known as the beam splitter Hamiltonian and
it corresponds to a linear coupling between the optical
mode aˆo and microwave mode aˆe. From the enhanced
coupling rate αpg, we define the multi-photon cooper-
ativity as C = 4|αp|2g2/(κoκe), where κo and κe are
the total loss rates of the optical and microwave mode,
respectively. The multi-photon cooperativity is the
figure of merit in most of the resonant electro-optic
devices, both for frequency conversion and entanglement
generation [5, 6, 11, 14].
Device
The electro-optic transducer consists of a z-cut LiNbO3
WGM resonator, with a major radius R = 2.5 mm, side-
wall surface radius ρ ≈ 0.7 mm and a thickness d = 0.15
mm, coupled to a superconducting aluminum cavity as
shown in Fig. 1a. The top and bottom rings of the cavity
are designed to confine the microwave mode at the rim
of the WGM resonator and maximize the spatial mode
overlap with the two optical modes. Here we use type-0
frequency conversion, where all the participating waves
are polarized parallel to the material’s optic and symme-
try axis, addressing the highest electro-optic tensor com-
ponent of LiNbO3. We work with two optical modes of
the WGM resonator that are spectrally separated by the
resonator’s optical free spectral range (FSR) as shown
in Fig. 1b. The pump mode has an azimuthal number
mp ≈ 20 × 103 and the signal mode mo = mp + 1. The
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FIG. 1. Resonant electro-optic device. a, Exploded-
view rendering of the electro-optic converter. The WGM res-
onator (light blue disc) is clamped between two aluminum
rings (blue shaded areas) of the top and bottom part of the
aluminum microwave cavity. Two GRIN-lenses are used to
focus the optical input and output beams (red) on a diamond
prism surface in close proximity of the optical resonator. The
microwave tone is coupled in and out of the cavity using a
coaxial pin coupler at the top of the cavity (gold). The prism,
both lenses and the microwave tuning cylinder (gold shaded
inside the lower ring) positions can be adjusted with 8 linear
piezo positioners. b, Optical reflection spectrum of the WGM
resonator at base temperature (∼ 7 mK). The optical pump
mode at ωp/(2pi) ≈ 193.5 THz (green) and signal mode (blue)
are critically coupled and separated by one free spectral range
(FSR, dashed lines). On resonance 38% of the optical power
is reflected without entering the WGM resonator due to im-
perfect optical mode overlap Λ (horizontal dotted line). The
lower sideband mode (red) was chosen to couple to a mode
family of different polarization, which splits it and facilitates
the single-sideband selectivity of the converter. c, Reflec-
tion spectrum of the microwave cavity at base temperature
(∼ 7 mK) for the tuning cylinder in its up position (blue line)
and in its down position (red line). With a tuning range of
∼ 0.5 GHz we can readily match the cavity frequency with
that of the optical free spectral range FSR/(2pi) = 8.818 GHz
(dashed line).
mp−1 mode’s participation in the resonant interaction is
suppressed due to its avoided crossing with another mode
family [6], leaving only 2 optical modes in the process.
We use an antireflection coated diamond prism to feed
the optical pump into the optical resonator via evanes-
cent coupling. The prism is attached to a linear piezo
positioning stage that allows to accurately tune the ex-
trinsic optical coupling rate κex,o in-situ. The continu-
ous wave optical pump is a ∼ 10 kHz linewidth coherent
laser tone that is locked to the resonance of the optical
pump WGM at ωp/(2pi) ≈ 193.5 THz for conversion mea-
surements. The cryostat optical input line consists of a
single mode fiber with a GRIN-lens at its end to focus
the optical beam at the prism-WGM resonator coupling
3point. The reflected optical pump is collected with a sec-
ond GRIN-lens and coupled to the output line fiber for
further measurements at room temperature.
At base temperature (∼ 7 mK) we measure an optical
mode separation FSR/(2pi) = 8.818 GHz and an intrin-
sic optical loss rate κin,o = 9.46 MHz, which corresponds
to a quality factor Qin,o = 2.0 × 107 - a reduction by a
factor 10 (5) from the measured room temperature value
outside (inside) the microwave cavity. The chosen optical
pump and signal modes have a contrast of 62% at critical
coupling (Qex,o = Qin,o) as shown in Fig. 1b, due to an
imperfect spatial field mode overlap Λ2 = 0.38 between
the optical WGM and the optical input beam (see Sup-
plementary Material). In this work we keep the optical
system critically coupled to maximize the optical pho-
ton number for a given input power. The optical signal
at ωo = ωp + FSR for optical to microwave conversion is
created using a suppressed-carrier single-sideband modu-
lator and sent through the same optical path as the pump
tone, see Supplementary Information.
The chosen microwave cavity mode undergoes one
oscillation around a full azimuthal roundtrip me = 1,
and its frequency is matched to the optical FSR in
order to fulfill the conditions of phase matching and
energy conservation. We use an aluminum cylinder
centered below the WGM resonator and attached to
a vertical piezo positioner that shifts the microwave
resonance frequency ωe/(2pi) from 8.70 to 9.19 GHz at
base temperature as shown in Fig. 1c. Microwave tones
are sent to the device through a heavily attenuated
transmission line and subsequently coupled to the cavity
via a coaxial pin coupler mounted in the top part of
the cavity as shown in Fig. 1a. The reflected microwave
tone and the down-converted optical signal pass two
circulators before amplification and measurement with
a vector network analyzer (VNA) or an electronic spec-
trum analyzer (ESA), see Supplementary Information.
From the VNA reflection measurements, we extract the
resonance frequency ωe, the intrinsic loss rate κin,e = 6.7
MHz and the extrinsic coupling rate κex,e = 3.7 MHz of
the microwave resonance mode.
Bidirectional Conversion
In our system the microwave-to-optics and optics-to-
microwave photon conversion efficiencies are equal [5].
The total input-output electro-optic photon conversion
efficiency, defined on resonance, is given as
ηtot = ηeηoΛ
2 4C
(1 + C)2
, (4)
with coupling efficiencies ηk = κex,k/κk and κk = κin,k +
κex,k. We determine the bidirectional conversion effi-
ciency of the device ηtot =
√
ηeoηoe, independent of the
specifics of the measurement setup [35], such as the op-
tical and microwave input attenuations β1, β3 and out-
put amplifications β2, β4 (see Supplementary Material).
Performing 4 independent measurements of the coher-
ent scattering parameters |Sij |2 ∝ |aˆout,i/aˆin,j |2 with
i, j = {e, o} for every optical pump power setting
ηtot =
√
|Seo(ω0)|2 · |Soe(ω0)|2
|See(ω∆)|2 · |Soo(ω∆)|2 =
√
β1ηeoβ4 · β3ηoeβ2
β1β2 · β3β4 ,
(5)
we obtain the in-situ calibrated device efficiency ηtot
from the optical fiber to the microwave coaxial line.
Here the optics-to-microwave |Seo|2 and microwave-to-
optics |Soe|2 power ratios are measured on resonance
ω0 = ωe, ωo and the reflected optical |Soo|2 and mi-
crowave |See|2 tones are measured at a detuning such
that |ω∆ − ω0|  κe, κo respectively. For higher accu-
racy we take into account frequency dependent baseline
variations using the full measured reflection scattering
parameters.
In Fig. 2a we show the measured values of the total
ηtot (light blue) and the calculated internal conversion
efficiency ηint = ηtot/(ηeηoΛ
2) (dark blue) together with
Eq. (4) taking into account measured cavity linewidth
changes (red lines) as a function of the incident optical
pump Pp. As the pump power increases, the conver-
sion efficiency departs only slightly from the expected
linear behavior for the low cooperativity limit (C  1)
(dashed lines). For Pp ≈ 700 µW (arrow), ηtot drops
because the aluminum cavity undergoes a phase transi-
tion from the superconducting to the normal conducting
state, which is accompanied by a sudden increase of κin,e,
see Supplementary Information. The highest conversion
efficiency ηtot = 3.16× 10−4 is reached for the maximum
available pump power Pp = 1.48 mW, where the refrig-
erator base plate reaches a steady state temperature of
Tf = 320 mK with theoretical microwave mode occupa-
tion of Nf = 0.36.
From the measured values of the bidirectional conver-
sion efficiency ηtot and coupling rates κin,e at each optical
pump power Pp, which is related to the drive strength and
pump photon number np = |α|2 = 4PpΛ2κex,o/(~ωpκ2o),
we extract the values of the multi-photon cooperativity
in the system, ranging from C = 1.23 × 10−7 for the
lowest, to C = 1.67 × 10−3 for the highest Pp. From
this we deduce the maximum internal photon conversion
efficiency ηint = 4C/(1 + C)
2 of 0.67%. We find very
good agreement between the measured conversion effi-
ciency and Eq. (4) (solid red lines) for g/(2pi) = 40 Hz,
close to the directly measured (simulated) value of 36.1
Hz (36.2 Hz) at room temperature.
The normalized optics-to-microwave conversion as a
function of the optical signal frequency is shown in the
inset of Fig. 2a. The solid red line corresponds to the
theoretical expectation for the conversion spectrum [5]
|Sij(ω − ω0)|2
|Sij(ω0)|2 =((
1− 4(ω − ω0)
2
κoκe
)2
+
4(ω − ω0)2(κo + κe)2
κ2oκ
2
e
)−1
,
(6)
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FIG. 2. Bidirectional microwave-optics conver-
sion. a, Measured photon conversion efficiency ηtot (light
blue points) and inferred internal device efficiency ηint =
ηtot/(ηeηoΛ
2) (dark blue points) together with theory (red
lines), i.e. Eq. (4) taking into account measured cavity
linewidth changes. The dashed lines are linear fits for the
10 lowest power data points respectively. The arrow marks
the input power where the aluminum cavity goes from su-
per to normal conducting. The inset shows the measured and
normalized coherent optics-to-microwave conversion power ra-
tio for Pp = 18.7µW and Po = 267 nW, as a function of
the detuning between the optical signal frequency and ωo
(blue points) together with theory Eq. (6) (red line), indicat-
ing the conversion bandwidth B/(2pi) = 9.0 MHz. b, Mea-
sured optical power spectrum for microwave-to-optical con-
version at Pp = 1.48 mW. The weak coherent microwave
tone Pe = 1.0 nW generates two optical sidebands (blue and
red) with a suppression ratio of SR = 10.7 dB. The cen-
ter and sideband peaks are proportional to the intra-cavity
pump np and converted optical signal no photon numbers
respectively. The noise floor is set by the resolution band-
width. c, Measured power spectrum for optical-to-microwave
conversion at Pp = 2.35µW. The weak optical input signal
Po = 161 nW generates a single coherent microwave tone at
ωo − ωp. In this particular example ne = 1.2 intra-cavity mi-
crowave photons are generated with an incoherent noise floor
PN,out corresponding to an added output conversion noise of
Nout = 0.4 photons s
−1 Hz−1 in the center of the microwave
cavity bandwidth.
where κe and κo/(2pi) = 18.92 MHz were indepen-
dently extracted from direct reflection measurements.
The bandwidth B/(2pi) = 9.0 MHz at Pp = 18.7µW
with κe/(2pi) = 11.32 MHz is in excellent agreement
with the theoretical model for both conversion directions
(see Supplementary Material). B/(2pi) increases from
8.51 MHz (calculated, κe = 10.45 MHz) for the lowest to
10.68 MHz (measured, κe = 14.85 MHz) for the highest
optical pump power.
Selective up-conversion is an important feature of
electro-optic transducers, because of the intrinsic noise-
less nature of the up-conversion process. Figure 2b
displays the measured microwave-to-optics conversion
power spectrum corresponding to the highest pump
power. Single sideband conversion with a suppression ra-
tio of 10.7 dB in favor of up-conversion can be observed.
This is expected from the asymmetric FSR in our WGM
resonator due to the splitting of the lower sideband
mode as shown in Fig. 1b. The generated microwave
output power spectrum from the optics-to-microwave
conversion is shown in Fig. 2c, where the peak at the
center represents the coherently converted signal power
at the microwave cavity output and the broadband
incoherent baseline is due to the thermal noise added
to the microwave output as a result of optical absorption.
Added noise
The optical pump causes dielectric heating due to absorp-
tion in the lithium niobate. In addition, stray light and
evanescent fields can lead to direct breaking of Cooper
pairs in the superconducting cavity. Both effects cause
an increased surface resistance and in turn a larger mi-
crowave cavity linewidth κin,e (see Supplementary Infor-
mation). The optical heating causes an increase of the
microwave cavity bath Nb and the microwave waveguide
bath Nwg, both are related to the incoherent microwave
mode occupancy [36]
Ne = ηeNwg + (1− ηe)Nb. (7)
The two bath populations are directly accessible via the
detected output noise spectrum given by
Ndet(ω) =
4κin,eκex,e
κ2e + 4ω
2
(Nb −Nwg) +Nwg +Nsys (8)
in the low cooperativity limit. The conversion noise at
the output port of the device Nout = Ndet−Nsys in units
of photons s−1 Hz−1 is related to the measured power
spectrum PESA via Ndet(ω) = PESA(ω)/(~ωeβ4). Here
Nsys = 12.74 ± 0.36 and β4 = (67.05 ± 0.16) dB are the
calibrated noise photon number and gain of the measure-
ment setup as referenced to the converter output port.
In Fig. 3a-c we show the measured noise spectrum
obtained by normalizing with a no-pump baseline ref-
erence measurement when the sample is cold Ndet =
NsysPESA/PESA(Pp=0) for three different pump powers
with the same y-axis scale and no signal tone applied.
For the lowest pump power Pp = 0.23µW only the Nsys
offset is discernible (dashed black lines in panels a-c).
For the intermediate power Pp = 14.82µW the total
output microwave noise Nout = 1.01 ± 0.07 appears as
a Lorentzian curve (blue line) with a broad band noise
background Nwg = 0.13±0.04 (red dashed line). For the
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FIG. 3. Conversion noise and mode population. a, b, c, Measured microwave output noise spectrum (blue line) in
units of photons s−1 Hz−1 for (a) Pp = 0.23µW, (b) 14.82µW and (c) 1.48 mW together with a fit to Eq. (8) (black line). In
all three panels the dashed black line indicates the measurement system noise floor Nsys and the dashed red line indicates
the broad-band noise offset Nwg. d, External waveguide bath population Nwg (red), total output noise photons Nout (blue),
microwave mode bath Nb (yellow) and mode occupancy Ne (green) as a function of Pp. The error bars of Nwg and Nout at
low Pp are dominated by systematic errors due to slow absolute variations of the baseline of ±0.03 quanta. The error bars
of Nb represent the 95% confidence interval of the fit to Eq. (8) which also dominates the uncertainty of Ne since Nwg < Nb.
The error bars at high Pp are dominated by the accuracy of the Nsys calibration. The shown error bars are the extrema of
these absolute and relative uncertainties. The inset shows the region where the microwave bath occupancy Nb < 1 on a linear
scale. The dashed gray lines indicate fitted power laws, specifically Nwg ∝ P 0.55p over the full range of powers, Nb ∝ P 1.14p
up to Pp ∼ 2µW (see inset) and Nb ∝ P 0.45p at higher powers. e, Microwave output noise Nout measured on resonance over
a 500 kHz resolution bandwidth in units of photons s−1 Hz−1 (blue line) on top of the measurement system noise floor Nsys
(dashed horizontal line) as a function of time. The system is excited with a rectangular optical pulse of Pp = 1.48 mW and a
length of 68 seconds (dashed vertical lines). The arrow indicates the time of approximately 30 seconds when superconductivity
breaks, the cavity quality factor degrades and the frequency detunes from the measurement frequency. This process is reversed
at the end of the pulse when the cavity tunes back and the detected noise increases temporarily. The inset shows the fastest
time scale, i.e. the initial heating rate of dNout/dt ≈ 1.1 noise photons s−1.
largest applied power Pp = 1.48 mW we observe a maxi-
mum of Nout = 5.51 ± 0.20 and Nwg = 1.64 ± 0.08, sig-
nificantly hotter than the dilution refrigerator base plate
at Nf = 0.36. This is expected for a steady-state local-
ized noise source, such as the optically pumped dielec-
tric resonator, which has a finite temperature dependent
thermalization rate to equilibrate with the environment.
The added conversion noise referenced to the device
output Nout (blue), the broad band waveguide noise Nwg
(red), the microwave bath Nb (yellow) and mode occu-
pancy Ne (green) for different optical pump powers Pp
are shown in Fig. 3d. Sub-photon microwave output noise
as low as Nout = 0.03
+0.04
−0.03 and microwave mode occu-
pancies as low as Ne = 0.025 ± 0.005 are achieved for a
continuous wave pump power of Pp = 0.26µW where the
total conversion efficiency is ηtot = 8.8× 10−8.
As the pump power is increased, we observe a smooth
growth of the waveguide noise starting from an equiva-
lent temperature of Twg = 78
+50
−17 mK and roughly pro-
portional to
√
Pp over 4 orders of magnitude. This is
expected if the effective thermal conductivity to the cold
refrigerator bath of approximately constant temperature
is increasing linearly such that the heat flow q matches
the dissipated part of the pump power q ∝ Pp ∝ T ·∆T ,
as predicted [37] for normal conducting metals such as
the copper coaxial port attached to the superconducting
cavity.
In contrast, for the microwave bath we observe 3 dis-
tinct regions of heating. Up to about 2µW the scaling is
approximately linear, which is expected for local heating
with a fixed thermalization to the cold bath. The ther-
mal conductivity of superconducting aluminum far below
the critical temperature is exponentially suppressed [37]
so this thermalization could be due to radiation or direct
excitation of quasiparticles. In this important range of
noise photon numbers, a high conductivity copper cavity
might therefore show a significantly slower trend. Above
2µW the scaling is approximately
√
Pp, which indicates
that part of the cavity, such as the small rings holding
the disk, are normal conducting. This is confirmed by
an increase in the internal losses (see Supplementary In-
formation). At Pp ≈ 0.7 mW we see a sharp drop in
the output noise due to a sudden increase of κin,e from
8.6 to 11.2 MHz. The temporarily slower increase of Nb
suggests that this is also accompanied by an higher ther-
malization rate to the cold refrigerator bath, indicating
that the entire aluminum cavity undergoes a phase tran-
sition at this input power. This interpretation of the
6data is backed up by stable cavity properties beyond this
power (see Supplementary Material). The lowest mea-
sured bath occupancies are consistent with qubit mea-
surements for a similar amount of shielding without op-
tics [38] and could be further improved with sensitive
radiometry measurements [39, 40].
In Fig. 3e we show the time dependence of the
measured output noise when the system is excited
with a resonant optical square pulse. The measured
rise time to the maximum power of Pp = 1.48 mW
is 1 ms. Facilitated by its macroscopic device design
with a large heat capacity and contact surface area to
the cold refrigerator bath, we observe that the fastest
timescale at the onset of the square pulse is as low as 1.1
photons s−1. This is roughly 107 times slower compared
to state of the art microscopic microwave devices pulsed
with ∼ 103 times lower power [33]. Assuming - as a
worst case scenario - a linear increase of the heating rate
with the applied power, we can project Nout < 10
−4 for
a single 100 ns long pulse of power 1 W. For this power
C > 1 with unity internal conversion efficiency and
interesting new physics to be unlocked.
Conclusion
The presented bidirectional microwave-optical interface
operates in the quantum ground state Ne  1, as veri-
fied by measuring the minimal noise Nout  1 added to
a converted microwave output signal. Compared to re-
cent probabilistic unidirectional transduction of quantum
level signals we showed somewhat lower [33] and orders of
magnitude higher [32] efficiency. The very high instanta-
neous bandwidth of 10.7 MHz compared to typical 100 Hz
repetition rates in previous experiments provides a very
promising outlook to be able to also verify the quan-
tum statistics using sensitive heterodyne [14] or photon
detection measurements [15] in the near future. Further-
more, bandwidth-matched high power pulsed operation
schemes should also enable deterministic protocols due to
the observed slow heating timescales, i.e. the conversion
of quantum level signals with an equivalent input noise
Nin = Nout/ηtot  1. Such a fast and high fidelity quan-
tum microwave photonic interface together with the non-
Gaussian resources of superconducting qubits [16] might
then provide the practical foundation to extend the range
of current fiber optic quantum networks [41] in analogy
to optical-electrical-optical repeaters in the early days of
classical fiber optic communication [1].
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Appendix A: Measurement setup
The measurement setup used to characterize the performance of the electro-optic converter is shown in Fig. S1.
Appendix B: Optical resonator
1. WGM resonator fabrication
The whispering gallery mode (WGM) resonator was manufactured from a z-cut congruent undoped lithium niobate
wafer. The resonator initial dimensions were a major radius of R = 2.5 mm, a curvature radius of ρ ≈ 0.7 mm and an
initial thickness d = 0.5 mm. The lateral surface was polished with diamond slurry from 9 µm (rms particle diameter)
down to 1 µm. Subsequently, the resonator was thinned down to a 0.15 mm thickness with 5 µm diamond slurry in
a lapping machine. Top and bottom surfaces were then finished by chemical-mechanical polishing.
2. Optical prism coupling
We couple the optical pump into the resonator via frustrated total internal reflection between the prism and the
resonator surface. The optical beam coming from the cryostat input optical fiber is focused to the coupling window
with an angle Φc ≈ 50◦ using a gradient index (GRIN) lens (see Fig. 1a). The reflected pump and the converted
optical signal are caught by a second GRIN lens and directed to the the cryostat output optical fiber. The diamond
prism is an isosceles triangle with basis angle 53◦ and height 0.8 mm. The prism’s input and output sides are anti-
reflexion coated, and it is fixed from the backside to a copper wire as shown in Fig. 1a. The copper wire goes
through a small canal outside the microwave cavity and is attached to a linear piezo-positioning stage (PS). This way
the distance d between the WGM resonator and the prism coupling surface can be controlled with nanometer scale
precision.
In order to reduce GRIN lens misalignments during cool down, we machine a single piece, oxygen-free copper
holder which has the prism-WGM resonator coupling point at its center. Furthermore, we set up a low temperature
realignment system which consists of two ANPx101-LT and one ANPz101-LT PSs from attocube for each GRIN lens,
allowing us to align them in the x-y-z direction. A feedback algorithm tracks the overall optical transmission as well as
the optical mode contrast during the dilution refrigerator cooldown to 3 K where the final alignments are performed
before condensation and further cooldown to the cryogenic base temperature of about 7 mK.
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FIG. S1. Measurement setup. A tunable laser is equally split (50/50) into two paths at the optical coupler OC1. The
upper path is used as the optical pump and it goes through a variable optical attenuator VOA1 that allows to vary Pp. The
optical pump can then be either sent directly to the cryostat fiber, or it can go first through an electro-optic modulator (EOM)
in order to create sidebands for spectroscopy calibration. The second path (horizontal) is used to generate the optical signal.
It goes also through a variable optical attenuator and it is then frequency up-shifted by ωe (∼FSR) using a single sideband
EO-modulator with suppressed carrier (SSB-SC) driven by a microwave source with local oscillator frequency ωe (S1). A small
fraction (1%) of this signal is picked up and sent directly to an optical spectrum analyzer (OSA) for sideband and carrier
suppression ratio monitoring. The rest (99%) is recombined with the pump at OC2, sent to the fridge input fiber and the total
power is monitored with a power meter (PM). The optical tones are focused on the prism with a GRIN-lens which then feeds
the WGM resonator via evanescent coupling. Polarization controllers PC2 and PC3 are set to achieve maximum coupling to
a TE polarized cavity mode. The reflected (or created) optical sideband signal and the reflected pump are collected with the
second GRIN-lens and coupled to the cryostat output fiber. The optical signal is then split: 90% of the power goes to the OSA
and 10% is sent to a photodiode (PD), which is used for mode spectroscopy and to lock on the optical mode resonance during
the conversion measurement. The 90% arm is either sent directly to the OSA, or goes through an EDFA for amplification,
depending on the microwave to optics converted signal power. On the microwave side, the signal is sent from the microwave
source S2 (or from the VNA for microwave mode spectroscopy) to the fridge input line via the microwave combiner (MC1).
The input line is attenuated with attenuators distributed between 3 K and 10 mK with a total of 60 dB in order to suppress
room temperature microwave noise. Circulator C1 redirects the reflected tone from the cavity to the amplified output line,
while C2 redirects noise coming in from the output line to a matched 50Ω termination. The output line is amplified at 3 K
by a HEMT-amplifier and then at room temperature again with a low noise amplifier (LNA). The output line is connected to
switch MS1, to select between an ESA or a VNA measurement. Lastly, microwave switch MS2 allows to swap the device under
test (DUT) for a temperature T50Ω controllable load, which serves as a broad band noise source in order to calibrate the output
line’s total gain and added noise (see D 2)
3. Optical characterization
The optical resonator is characterized by analyzing its reflection spectrum. We sweep the frequency ω/(2pi) of an
optical tone over several GHz around 1550 nm and measure the intensity of the reflected signal on a photodiode (PD
in Fig. S1). In Fig. S2a we show the pump mode spectrum for a TE polarized tone, whose polarization is parallel to
the WGM resonator’s symmetry and optical axis. The optical free spectral range (FSR) for this mode was measured
by superimposing it with EOM-generated sidebands from modes one FSR away [6] (see Fig. S1 for the EOM). The
measured optical FSR changed from 8.79 GHz at room temperature to 8.82 GHz at base temperature.
To characterize the coupling to the optical system, we measure the optical mode spectrum for different positions
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FIG. S2. Optical coupling. a, Measured κo/(2pi) as a function of piezo Voltage Vdc (blue points) and exponential fit (red
line). For large distances d ∝ −Vdc we find κo/(2pi) = κin,o/(2pi) = 9.46 MHz. The lower dashed line indicates the lower
limit κo = κin,o. The upper dashed line shows the critical coupling condition where κin,o = κex,o and κo = 2κin,o with the
corresponding Vdc (vertical arrow). b, Measured optical reflection spectrum around 1550 nm at base temperature for critical
coupling (arrow in panel a). Due to imperfect optical mode matching quantified by Λ2 = 0.38 an amount proportional to
(1− Λ2)2 of the input power is reflected at critical coupling (dashed line).
of the prism, thus changing κex,o. The normalized spectrum of the chosen mode follows the analytical model [42]
|Soo(ω − ωo)|2
|Soo(∆ω)|2 = 1−
4κex,oΛ
2(κo − Λ2κex,o)
κ2o + 4(ω − ωo)2
, (B1)
where the factor Λ describes the electric field overlap between the evanescent tail of the beam reflecting on the prism
and the resonator mode and ∆ω  κo. The external coupling rate κex,o strongly depends on the distance d between
the prism and the resonator
κex,o(d) = κ
max
ex,o · exp(−k0 · d) (B2)
with κmaxex,o = κex,o(d = 0) and k0 = ωo
√
n2LN − 1/c [42], nLN the refractive index of LN and c the speed of light in
vacuum. We control the distance by applying a DC-voltage to the piezo stage d ∝ −Vdc and measure the transmission
spectrum. The fitted total optical linewidth κo = κex,o + κin,o as a function of Vdc is shown in Fig. S2a. From
an exponential fit of the measured κo (red line), we extract the offset corresponding to κin,o/(2pi) = 9.46 MHz.
Furthermore, at critical coupling (κex,o = κin,o), we extract Λ
2 = 0.38 from a fit to Eq. (B1) as shown in Fig. S2a.
The intra-cavity photon number for the optical pump is given by
np(ω) =
PpΛ
2
~ωp
· 4κex,o
κ2o + 4(ω − ωp)2
, (B3)
where Pp stands for the optical pump power sent to the resonator-prism interface. The WGM resonators’s FSR and
linewidth do not change over the full optical pump power range.
Appendix C: Microwave cavity
1. Design
The conversion efficiency between the optical and microwave modes depends strongly on the microwave electric
field confinement at the rim of the WGM resonator. Our hybrid system, based on a 3D-microwave cavity and a WGM
resonator, offers a high degree of freedom to control the microwave spatial distribution ψe(~r), microwave resonance
frequency ωe and external coupling rate κex,e. We used finite element method (FEM) simulations in order to find
suitable design parameters for the microwave cavity.
A schematic drawing of the microwave cavity with its important dimensions is shown in Fig. S3a. The LiNbO3
WGM resonator is clamped between two aluminum rings (highlighted in blue). In this way we maximize the microwave
electric field overlap with the optical mode, the latter being confined close to the rim of the WGM resonator (see
Fig. S3b). The microwave spatial electric field distribution shows one full oscillation along the circumference of the
WGM resonator (see Fig. S3c and d) to fulfill the phase matching condition. The aluminum rings have a cut in the
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FIG. S3. Microwave cavity design. a, Computer aided design drawing of the top part of the aluminum microwave cavity.
b, FEM simulation of the single photon electric field distribution of the m = 1 mode of the microwave cavity. Shown is the
z direction of the field along the radial axis at z = 0 (in the center of the WGM) and φ = 0 (yellow dashed line in panel a).
The horizontal dashed line marks the position of the edge of the WGM resonator. c, FEM simulation of the z component of
the single photon electric field taken at the position of the optical mode maximum and plotted as a function of the azimuthal
angle φ (yellow dashed circle in panel a). The red line is a sinusoidal function as a guide to the eye. d, FEM simulation of the
z component of the single photon electric field in the z = 0 plane of the m = 1 microwave resonance.
middle in order to maximize the field participation factor and minimize potential magnetic losses in the dielectric.
The cavity’s cylindrical inner volume can be tailored to achieve the desired microwave resonance frequency, which
can then be tuned by ∼ 500 MHz in situ, by moving an aluminum cylinder placed inside the lower ring. This allows
to compensate the thermal contraction induced frequency shift that occurs during cooldown of the device. The top
right part of the shown top half of the cavity is cut out in order to facilitate the assembly of the device.
2. FEM simulation of electro-optic coupling
From FEM simulations we obtain the single photon spatial electric field distribution given as Ee,z(r, z, φ) =
Emaxe,z Ψe(r, z)(1 + f(φ)) cos(φ), where Ψe(r, z) is normalized to 1, r =
√
x2 + y2 and φ = arctan(y/x), see also
Fig S3d. For this simulation we used the reported [43] dielectric permittivity of lithium niobate at 9 GHz,
i.e. εe = (42.5, 42.5, 26). The function f(φ) is symmetric and describes the deviation of the azimuthal field
distribution from a pure sinusoidal shape as shown in Fig. S3c. The optical mode is distributed along the
ring {r = ro, z = 0, φ ∈ [0 2pi]} and the maximum value of the microwave electric field on this ring is
Eeo = Ee,z(ro, 0, φmax) = E
max
e,z Ψe(ro, 0) = 11.1 mV/m. The optical mode being a clockwise (C) traveling wave,
we must decompose the stationary microwave field into a clockwise and a counterclockwise (CC) traveling wave in
order to calculate the coupling
Ee,z(ro, 0, φ, t) = Eeo(1 + f(φ)) cos(φ) cos(ωet)
= Eeo(1 + f(φ))
(
e−i(φ−ωet) + ei(φ−ωet) + e−i(φ+ωet) + ei(φ+ωet)
4
)
= E+C + E
−
C + E
+
CC + E
−
CC. (C1)
By introducing Ee,z(ro, 0, φ, t) into Eq. (2), we get (E
+
CC and E
−
CC do not participate in the interaction)
g = npnor
√
ωpωo
4VoVp
Eeo
4
∫
dV (ψ∗oψpe
−iφ + ψ∗oψpe
−iφf(φ)). (C2)
Where np and no are the refractive indices of the pump ωp and the sideband ωo. The effective mode volumes Vk
are given by the integral
∫
dV ψkψ
∗
k over the respective optical field spatial distributions ψp = Ψp(r, θ)e
−im and
ψo = Ψo(r, θ)e
−i(m+1). The second term in the integral in Eq. (C2) is zero due to the symmetry of f(φ), reducing
Eq. (C2) to
g =
1
8
n2pωor33Eeo (C3)
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where no ≈ np = 2.13 (εo ≈ εp = 4.54) is the extra-ordinary refractive index (dielectric permittivity) of LN at
ωo ≈ ωp = (2pi) × 193.5 THz and r33 = 31 pm/V is the electro-optic coefficient. For these values we estimate
gsim/(2pi) = 38 Hz at room temperature.
3. Room temperature measurement of g
The system was assembled at room temperature and a microwave tone was fed into the cavity with a coaxial probe
coupler of length 1.2 mm. By displacing the tuning cylinder the cavity frequency ωe/(2pi) could be shifted from 8.40
to 9.22 GHz, slightly shifted up compared to numerical simulations. We attribute this to small air gaps between the
WGM resonator and the aluminum disk, which decrease the effective dielectric constant between the electrodes. To
match the measured frequency range exactly, we introduce an air gap of only ∼ 1 µm in the simulations, bringing
down the estimated coupling to gsim/(2pi) = 36.2 Hz,
At ωe = FSR, the microwave mode has the parameters κex,e/(2pi) = 2.48 MHz and κin,e/(2pi) = 29 MHz. We
infer the nonlinear coupling constant of the system by applying a strong microwave drive tone to the cavity and
measuring the resulting optical mode splitting S ≈ 4√negrt as described in Ref. [17]. In Fig. S4a we show a measured
splitting of S/(2pi) = 220 MHz for a 9.3 dBm microwave pump power applied on resonance. This corresponds to
grt/(2pi) = 36.1 Hz, a five fold improvement compared to earlier results [6], and in excellent agreement with the
simulations.
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FIG. S4. Direct measurement of g. Measured optical mode splitting of S/(2pi) = 220 MHz at room temperature, obtained
with an input power of 9.3 dBm applied to the microwave cavity at ωe. S ≈ 4√negrt is related to the measured single photon
coupling strength grt/(2pi) = 36.1 Hz via the calculated intra-cavity photon number ne = 2.3× 1012 [17].
4. Microwave cavity fabrication
The microwave cavity is milled out of a block of pure aluminum (5N). It is divided into a lower and upper part,
that are closed after placing the WGM resonator and the prism using brass screws. The internal geometry can be
seen in Fig. S3a. When closing the cavity the pure aluminum rings get in contact with the optical resonator. The
rings deform slightly, which minimizes the formation of air gaps that would otherwise reduce g.
5. Microwave characterization
The microwave resonance tuning range was measured with a VNA connected to the cryostat transmission line as
shown in Fig. S1. The resonance frequency can be tuned from 8.70 GHz to 9.19 GHz as shown in the main text. This
range is at slightly higher frequency compared to the room temperature one. This we attribute to thermal contraction
that leads to small air gaps. The decay rates of the microwave mode at the cryogenic base temperature and the lowest
optical input power are κex,e/(2pi) = 3.7 MHz and κin,e/(2pi) = 6.7 MHz.
Unlike the optical system, the microwave cavity’s parameters undergo changes as a function of the optical pump
power Pp applied to the WGM resonator. In Fig. S5a we show the normalized spectra of the microwave resonance at
the smallest (blue) and largest (red) optical pump power together with a Lorentzian fit. From these measurements
we extract the microwave resonance frequency ωe (shown in panel b) and the internal and external loss rates κin,ex,e
(shown in panel c) as function of Pp. κex,e depends only on the fixed geometry and is approximately constant. In
contrast κin,e increases and ωe decreases with increasing Pp until the microwave cavity undergoes the superconducting
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FIG. S5. Microwave cavity properties. a, Measured reflection spectra of the microwave resonance for the minimum (blue),
and maximum (red) applied optical pump power Pp together with Lorentzian fits (black lines). b, Fitted microwave resonance
frequency ωe − ωe,0 as a function of Pp with the error bars indicating the 95% confidence interval of the fit. ωe,0 is the fitted
resonance frequency obtained for the minimum optical pump power of Pp = 0.23µW. c, Fitted microwave intrinsic loss rate κin,e
as a function of Pp with the error bars indicating the 95% confidence interval of the fit. d, The mixing chamber temperature
sensor reading Tf of the dilution refrigerator as a function of the optical pump power Pp (blue points) and a power law fit
Tf ∝ P 0.48p to the intermediate power range (black line).
phase transition. Once the normal conducting state is reached, a further increase of Pp does not lead to any perceptible
change, as can be seen in Fig. S5 panels b and c. The microwave resonance red shift (see Fig. S5c) and the κin,e
increase are expected due to optically induced creation of quasiparticles in the aluminum cavity as discussed for
example in Ref. [12]. While the local heating is significant, the temperature of the mixing chamber plate of the
dilution refrigerator follows a slow (P 0.48p at intermediate powers) rise from Tf = 7 mK up to Tf = 320 mK as shown
in Fig. S5d.
Appendix D: Frequency conversion
1. Theoretical model
We model the input-output response of the electro-optic system by taking into account external coupling rates κex,i
and internal loss rates κin,i to the external and internal thermal baths, as shown in Fig. S6a. First, we define the
coherent conversion matrix as the ratio between the output and the input photon numbers in the absence of noise
ηij = nout,i/nin,j , (D1)
for i, j ∈ {o, e}. The matrix ηij is derived in Ref. [5, 42] and its explicit form is given as[
nout,o(ω)
nout,e(ω)
]
= M(ω)
[|(iω + Λ2κex,o − κo/2)(κe/2− iω) + |G|2|2 Λ2κex,eκex,o|G|2
κex,eκex,o|G|2Λ2 |(iω + κex,e − κe/2)(κo/2− iω) + |G|2|2
]
×
[
nin,o(ω)
nin,e(ω)
]
,
(D2)
where M−1(ω) = |(−iω + κo/2)(−iω + κe/2) + |G|2|2 and G = √npg, with np given by Eq. (B3).
The noise performance is one of the most important characteristics of a quantum converter. In our system, we
consider two noise sources that affect the microwave mode. The first one is the noise in the waveguide Nwg, which
can be seen as the external bath of the 50 Ω semirigid copper coaxial port. The second noise source is given by the
internal bath of the system Nb as shown in Fig. S6a. The optical waveguide noise Nwg,o in the fiber and the internal
optical bath noise Nb,o are neglected, because ~ωo≫ kBT . In the low cooperativity limit we also neglect the thermal
occupancy of the optical mode No, which would give rise to optical output noise Nout,o.
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FIG. S6. Electro-optic photon conversion. a, Schematic representation of the microwave (aˆe) and optical (aˆo) modes
with coherent populations ne and no and incoherent occupancies Ne and No (not shown). The electro-optic coupling strength
G =
√
npg originates from the Pockels effect in the lithium niobate WGM resonator. Both modes are coupled to an internal
thermal bath Nb and Nb,o with the rates κin,i. They are also coupled the respective coaxial and fiber waveguides with the rates
κex,i. At finite temperature the microwave waveguide has a thermal bath occupancy Nwg and also hosts the total output noise
Nout measured in the experiment. b, The Sij coefficients are defined between the microwave and optical input and output ports
outside the cryostat (gray circles). Attenuation for the optical input and output path are β1 = −4.81 dB and β2 = −5.5 dB
(without EFDA), or the gain β2 = +30.8 dB (with EFDA). An observed gain saturation at high pump powers is measured and
corrected. Attenuation and gain of the microwave input and output path are β3 = −74.92dB and β4 = +67.05dB, respectively.
From two conversion measurements on resonance (Sij) and two reflection measurements out of resonance (Sii) where ηii = 1,
we infer the bidirectional photon conversion efficiency of the device according to Eq. (5) and referenced to the input and output
photon numbers nin,i and nout,i.
We define the noise conversion matrix σij as the ratio between the output noises and the microwave input noise to
the system in the absence of any coherent signal as [5, 42][
Nout,o(ω)
Nout(ω)
]
= M(ω)
[
κex,eκex,o|G|2 κin,eκex,o|G|2
|(iω + κex,e − κe/2)(−iω + κo/2) + |G|2|2 κin,eκex,e|(−iω + κo/2)|2
]
×
[
Nwg(ω)
Nb(ω)
]
, (D3)
where Nwg(ω) = (exp(~ω/kBTwg)− 1)−1 and Nb(ω) = (exp(~ω/kBTb)− 1)−1 are wide band distributions compared
to κex,e, such that they can be approximated as constant.
The full input-output model including vacuum noise is given as
nout(ω) +Nout(ω) = ηij(ω) · nin(ω) + σij(ω) ·N{wg,b}(ω) + nvac. (D4)
with nvac =
[
0.5
0.5
]
.
The device is fixed to the mixing chamber of a dilution refrigerator with a base temperature of ∼ 7mK, preventing
direct access to the device’s input and output ports, see Fig. S1. In Fig. S6b we present a simplified schematic of the
measurement setup, with attenuation and gain β1, β2 for the optical path, and β3, β4 for the microwave path. We
define the measured scattering matrix including the transmission lines on resonance as
|Sij(ω0)|2 = 1
(1 + C)2
[
β2(2Λ
2ηo − 1 + C)2β1 Λ2β24ηoηeCβ3
β44ηoηeCβ1Λ
2 β4(2ηe − 1 + C)2β3
]
, (D5)
where ηi = κex,i/κi and C =
4npg
2
κoκe
stands for the multi-photon electro-optic cooperativiy. For large signal detuning
ω∆ = ω − ω0  κe, κo with ω0 = ωe, ωo the scattering matrix simplifies to
|Sij(ω∆)|2 =
[
β2β1 0
0 β4β3
]
. (D6)
We infer the bidirectional conversion efficiency at each optical pump power by measuring the microwave-to-optics
and optics-to-microwave transmissions on resonance and the microwave-to-microwave and optics-to-optics reflections
off resonance. The total device efficiency can then be defined as
ηtot =
√
|Seo(ω0)|2 · |Soe(ω0)|2
|See(ω∆)|2 · |Soo(ω∆)|2 = ηoηeΛ
2 4C
(1 + C)2
. (D7)
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In the limits for C  1 this can be approximated as
ηext ≈ 4ηoηeΛ2C = 64η
2
oηeΛ
4g2Pp
~ωpκ2oκe
. (D8)
This equation was used to calculate the nonlinear coupling constant in the main text. It can be also shown that in the
limit of C  1, Λ < 1 and ηe 6= 0.5, the bidirectional efficiency can be estimated using only resonant measurements
ηtot = (2Λ
2ηo − 1)(2ηe − 1)
√
|Seo(ω0)|2 · |Soe(ω0)|2
|See(ω0)|2 · |Soo(ω0)|2 = ηoηeΛ
2 4C
(1 + C)2
, (D9)
where Λ and ηi are measured accurately from microwave and optical spectroscopy.
The system noise originates from the microwave resonator and waveguide baths Nb and Nwg respectively. By
applying the matrix to the noise vector in Eq. (D3) we can solve for the output noise Nout, which simplifies in the
low cooperativity limit (G2  κoκe) to
Nout,e(ω) =
4κin,eκex,e
κ2e + 4ω
2
(Nb −Nwg) +Nwg + 0.5. (D10)
In our system the resonator bath Nb is always hotter than the waveguide bath Nwg, because the dominant part of
the dielectric absorption takes place right inside the resonator. Therefore, the output noise spectrum Nout(ω) always
consists of a Lorentzian function with amplitude Nb − Nwg on top of the broad band noise level Nwg as shown in
Fig. 3. Finally, following the same formalism the integrated (dimensionless) internal microwave mode occupancy is
given as
Ne =
κex,eNwg + κin,eNb
κe
= ηeNwg + (1− ηe)Nb. (D11)
2. Microwave calibration
The microwave transmission line is characterized by the input attenuation β3, the output gain β4 and the total
added noise of the output line Nsys. The output line is first calibrated by using a 50 Ω load, a resistive heater,
and a thermometer that are thermally connected. Weak thermal contact to the mixing chamber of the dilution
refrigerator allows to change the temperature T50Ω of the 50 Ω load without heating up the mixing chamber. We vary
T50Ω from 21.5 mK to 1.8 K and measure the amplified thermal noise on a spectrum analyzer. The measured power
spectral density PESA(ω) is approximately constant around the microwave resonance frequency ωe and its temperature
dependence follows
PESA = ~ωeβ4BW
(
1
2
coth
(
~ωe
2kBT50Ω
)
+Nadd
)
, (D12)
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FIG. S7. System noise calibration. Measured noise (dots) together with a fit to Eq. (D12) (line) shown in units of
photons using Ndet −Nadd = PESA/(~ωeβ4BW)−Nadd. The dashed line indicates the half vacuum noise photon added by the
measurement.
16
where BW stands for the chosen resolution bandwidth, kB is Boltzmann’s constant and Nadd is the effective noise
added to the signal at the output port of the device due to amplifiers and losses. At T50Ω = 0 K this reduces to PESA =
~ωeβ4BWNsys with Nsys = Nadd + 0.5. Figure S7 shows the detected noise Ndet −Nadd = PESA/(~ωeβ4BW)−Nadd
as a function of the load temperature T50Ω. The values for gain and added noise obtained from a fit to Eq. (D12) are
67.65 ± 0.05 dB and 10.66 ± 0.15 as shown in Fig. S7. The emitted black body radiation undergoes the same losses
and gains, as shown in Fig. S1, up an independently calibrated cable length difference right at the sample output
resulting in an additional loss of 0.6± 0.09 dB. Taking into account this addition loss we arrive at the corrected gain
and system noise β4 = 67.05 ± 0.16 dB and Nsys = 12.74 ± 0.36. For the stated error bars we take into account the
95% confidence interval of the fit, an estimated temperature sensor accuracy of ±2.5% over the relevant range, as well
as the estimated inaccuracy in the cable attenuation difference. The input attenuation is then easily deduced from a
VNA reflection measurement |See|2 that yields β3 = −74.92± 0.16 dB.
3. Optical calibration
The optical transmission lines consist mainly of two optical single mode fibers. The input optical line starts from
the OC2 (see Fig. S1) and terminates at the WGM resonator-prism interface. The output optical line is defined from
the WGM resonator-prism interface to the OSA (see Fig. S1). From the measured external conversion efficiencies ηtot
and the microwave line calibration, we can determine the losses of the input and output transmission lines using
Pout,o
ωo
= β2ηtotβ3
Pin,e
ωe
Pout,e
ωe
= β4ηtotβ1
Pin,o
ωo
(D13)
where Pin,i are the input powers of our transmission lines coming out from OC2 and S2 and Pout,i are the measured
powers at the end of the transmission lines measured with the OSA and ESA. The procedure yields the input
attenuation β1 = −4.81 dB and the output gain (via EDFA) β2 = +30.8 dB. For measurements above Pp = 0.1 mW,
we bypass the EDFA by switching OS2, resulting in an output attenuation of β2 = −5.5dB.
4. Bidirectionality
Figure S8 shows the measured total conversion efficiency as a function of signal frequency (dots) using Eq. (D13)
together with theory (lines) using Eq. (6) in both conversion directions for two different pump powers. Because
the optical calibration Eq. (D13) assumes symmetric bidirectionality we also find that the measurement results are
perfectly symmetric. Nevertheless, direct measurements of β1 taken at room temperature of -2.6 dB are in good
agreement with the optical calibration. We attribute the additional loss of up to 2.2 dB to changes in the optical
alignment during the cooldown, e.g. in the cold APC connector, as well as reflection loss at the first prism surface
that is not included in the room temperature calibration.
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FIG. S8. Conversion bandwidth and bidirectionality. Measured total conversion efficiency ηeo (blue dots) and ηoe (green
dots) as a function of output signal frequency ω (optics to microwave, blue) or ω = ωo − ωp (microwave to optics, green) for
Pp=18.7µW and Pp=1.48 mW. Microwave-to-optics conversion (green) is displaced by 10 MHz for better visibility. Dashed
lines indicate the maxima of the theory curves in agreement with the results reported in the main text.
